Introduction
Multianode microchannel arrays (MAMAs) are a family of digital photoelectric detector systems designed specifically for use in space. Development of MAMA detector systems started in the early 1970s in order to produce multielement detector arrays for use in spectrographs for solar studies on the Skylab-B mission. Two different classes of MAMA detectors have been developed, namely discrete-anode arrays and coincidence-anode arrays. Discrete-anode arrays each have pixel electrodes connected to an individual amplifier and counting circuit. This limits the total number of pixels to a few hundred because of the limitations of connector technology and the size and power requirements of the electronics. 1, 2 In order to provide the 10 5 to 10 6 pixels required for astrophysics missions, coincidenceanode arrays were developed. 3 The Space Telescope Imaging Spectrograph (STIS) employs three imaging array detectors. 4 First, a back side-illuminated (1024 × 1024) pixel chargecoupled device (CCD), fabricated by Scientific Imaging Technologies, covers the visible region from ∼305 nm to the edge of the near-infrared at ∼1.0 μm. The CCD has pixel dimensions of 21 × 21 microns 2 . Two coincidence-anode MAMAs, fabricated by the prime contractor Ball Aerospace, cover, respectively, the near-ultraviolet (NUV) and the far-ultraviolet (FUV). Each MAMA employs a single high-gain curved-channel microchannel plate (MCP) with 12-micron-diameter channels on 15-micron centers. Two readout modes are employed, as described in Sec. 2: first, low-resolution mode with 1024 × 1024 pixels having dimensions of 25 × 25 microns 2 , and second, high-resolution mode with 2048 × 2048 pixels having dimensions of 12.5 × 12.5 microns 2 . Development of coincidence-anode MAMA detectors for STIS began in the late 1970s and culminated when STIS was installed on orbit in the Hubble Space Telescope (HST) in The following sections of this paper describe the construction, modes of operation, and on-orbit performances of the MAMAs, and the lessons of this unprecedented period of long-term operation in space for future astrophysics missions are discussed.
Construction and Modes of Operation
MAMAs are a family of digital photoelectric imaging detectors. The schematic of a two-dimensional coincidence-anode MAMA is shown in Fig. 1 . The core components of the MAMA are a high-gain curved-channel MCP and a precision electrode readout array to both collect and define the location of the charge from the MCP. The block diagram of the MAMA detector is shown in Fig. 2 . A photocathode is mounted in proximity focus with, or deposited on, the front face of the MCP. The output charge cloud from the MCP is collected by the anode array and amplified with charge amplifiers. The decode electronics determine the location and arrival time of the charge cloud. The data are accumulated as a digital image, or the coordinates and arrival time of each photon are stored as a time-tag data stream.
Microchannel Plates
A conventional MCP with straight geometry channels can only provide an electron gain of 10 3 to 10 4 before the onset of significant positive-ion feedback. [5] [6] [7] Straight channel MCPs must be mounted in stacks in order to provide the electron gains of 10 5 or greater required by electronic readout systems without positive-ion feedback. The Chevron MCP stack consists of two resistance-matched MCPs with channel bias angles on the order of 8 to 10 deg mounted in cascade, as shown in Fig. 3(a) . 5 The Z-plate MCP stack utilizes three resistance-matched MCPs mounted in cascade, as shown in Fig. 3(b) . 8 In both types of stacks, positive ions are trapped at the interfaces of the MCPs. The Z-plate stack yields a better reduction of ion feedback than the Chevron stack and is the most used high-gain MCP configuration at this time. However, the Z-plate has a number of limitations when used for high spatial resolution studies.
First, the unavoidable misalignments of the microchannels in the three MCPs of the stack cause strong moiré nonuniformities in the flat-field response, particularly at the multifiber boundaries. [9] [10] [11] Second, image blurring is caused by detector walk when the MCP gain changes. 12 Third, the high MCP gain required by the analog readout systems in order to precisely locate the centroid of the large output charge cloud causes significant MCP gain sag. 13 Finally, the large output charge cloud causes local gain depression in the vicinity of bright spatial or spectral features. 14 The third type of high-gain MCP configuration is the curvedchannel MCP or C-plate, shown in Fig. 3(c) . 15 The C-plate is the only single MCP configuration that can produce electron gains of 10 5 to 10 6 without significant ion feedback. The C-plate inhibits ion feedback by curving the channels in a manner analogous to that in a conventional channel electron multiplier (CEM), 6, 7 as shown in Fig. 4 . Also, the modal gains of the C-plates, ranging from 10 5 to 10 6 , scale in the same manner as the CEM with the channel length and the normalized channel field strength. 15 The output pulse-height distribution for a C-plate with 12-micron-diameter channels on 15-micron centers is shown in Fig. 5 . 16 It should be noted that C-plates require significantly lower voltages to attain gain saturation than do either the Chevron or Z-stacks.
C-plates proved extremely difficult to fabricate, and a number of different techniques involving major efforts at a number of corporations were initiated during the Solar and Heliospheric Observatory (SOHO) and STIS programs (see, for example, Ref. 17) . Other channel configurations were also tried, without success. Unfortunately, STIS schedule pressures prohibited the completion of these efforts, and no reliable and reproducible process for the fabrication of C-plates has been established to this date. LEP in France and Mullard in England fabricated the original C-plates. 18 Galileo Electro-Optics (now Photonis USA) started C-plate development in the United States. In addition, Litton Electron Devices (later Ni-Tec Corp.) fabricated C-plates for STIS using MCP wafers sheared by Detector Technology Inc.
In spite of these major difficulties, high-quality 25-mmformat C-plates were fabricated for the SOHO mission, 19 highquality 40-mm-format C-plates were fabricated for STIS, and C-plates with channel diameters as small as 8 microns were fabricated for evaluation of future flight missions. 20 This was a significant achievement for both the SOHO and, particularly, the STIS development programs, allowing the C-plate technology to be successfully utilized on the STIS flight mission.
The MCPs in the Chevron and Z-plate stacks typically have channel length-to-diameter ratios on the order of 40∶1 to 60∶1. The C-plates typically have significantly longer channel lengthto-diameter ratios on the order of 100∶1 to 140∶1. This makes the C-plates thicker and more rugged than conventional MCPs. Nevertheless, two fundamental parameters of all lead-glass MCPs must be considered for all applications: (1) the very large internal surface area and (2) the negative temperature coefficient of the lead glass. The configurations of 25-mm-format and 40-mm-format C-plates are shown in Fig. 6 . Thin solid rims for mounting surround the active areas, which are ∼25 and ∼40 mm in diameter, leading to outside diameters of 33 and 50 mm, respectively. The internal surface areas of the C-plates with 12-micron-diameter channels on 15-micron centers are on the order of 10 3 cm 2 to 3 × 10 3 cm 2 . The adsorption of gas by the channel surfaces, particularly water vapor, when the MCPs are exposed to air leads to extreme pressure on the external solid rims, resulting in cracking of the plate rims. In order to prevent rim cracking, all rimmed MCPs must be stored under vacuum. Rimless MCPs are stable on exposure to air, but present problems with mounting.
This was of particular concern for the C-plates fabricated for the SOHO mission because one of the detectors for the Solar Ultraviolet Measurement of Emitted Radiation instrument was open structure, requiring the MCP to remain stable under a dry N 2 purge at atmospheric pressure for several years during instrument and spacecraft integration.
The MCP active area must be kept as small as possible in order to maximize the conductivity and hence the dynamic range. The configuration of the prototype C-plates for SOHO is shown in Fig. 7(a) . Because of the concern about rim cracking, the modified flight configuration shown in Fig. 7 (b) was adopted. 19 Tests in a high-humidity environment validated the structural integrity of this design. The SOHO flight configuration C-plates remained stable, while the prototype C-plates all cracked.
The STIS C-plates were used in sealed detector tubes and the SOHO configuration was not needed. Nevertheless, all of the development work with the SOHO C-plates and readout arrays was fundamental to the development of the STIS MAMAs. All of the STIS hardware was developed from the SOHO hardware, and all of the techniques and procedures developed for SOHO and all of the lessons learned from the SOHO program were utilized for STIS.
The STIS C-plates had active areas of 27 × 27 mm 2 to match the 1024 × 1024 pixel anode array (see Fig. 8 ). 21 This reduced the active area from that of a standard 40-mm C-plate by ∼42%, allowing a proportionally increased plate conductivity and dynamic range, but required the STIS Cplates to be maintained at all times in a hydrocarbon-free high-vacuum environment.
All of the lead-glass MCPs have negative temperature coefficients of resistance. Because of the very large internal surface area, it is necessary to bake and scrub the MCPs before a stable operating regime is reached. The MCPs were baked in a hydrocarbon-free environment at a temperature of typically 300°C for a period in excess of 24 h. During the bake, the outgassing of the MCP was recorded on a residual gas analyzer, and the MCP resistance was measured during the heating and cooling cycles. The resistances as functions of temperature for Mullard glass and Galileo Long Life™ glass C-plates are shown in Fig. 9 . The ohmic heating of the MCP during operation increases both the operating temperature and the operating current. If the resistance is too low, the positive feedback of the ohmic heating leads to thermal runaway and the destruction of the plate. The SOHO C-plates fabricated from Long Life™ glass had active areas of ∼270 mm 2 and resistances in the range of 24 to 44 MΩ. The average operating temperatures in an ambient environment of 20°C lay in the range of 60 to 75°C. The STIS C-plates fabricated from 8161 glass had active areas of ∼730 mm 2 and resistances in the range of 25 to 54 MΩ. 22 The STIS C-plate operating temperatures were typically in the range of 14 to 21°C above the ambient temperature.
The modal gain of the Long Life™ glass C-plates decreased with increasing temperature at a rate of −0.1% ð°CÞ −1 . This was attributed primarily to an axial temperature gradient along the MCP, creating a nonuniform electric field within the channel that lowers the effective output gain. 22 The same effect caused the modal gain of the 8161 glass STIS C-plates to decrease with increasing temperature at a rate of −0.14% ð°CÞ −1 . These gain changes with temperature had a negligible effect on the STIS detective quantum efficiency (DQE). 23 The scrub of the MCP is carried out after baking in the same detector tube under a hydrocarbon-free high-vacuum environment without exposure to air. Rugged discrete-anode arrays are used for the scrub and characterization of the C-plates, as shown in Fig. 10 . The curvature of the channels in the Cplate inhibits the motion of neutral particles as well as positive ions. The scrub of the channels must accordingly be undertaken at a rate that does not lead to an excessively high pressure in the channels. A mercury Pen-ray light source is used to stimulate the bare MCP with 2537 Å radiation. The C-plate scrub is started at the applied potential where output counts start to be observed above the charge amplifier/discriminator threshold, typically ∼1400 to 1500 V.
The applied potential and the signal level are gradually increased over a period of about two weeks or longer until the final operating voltage is reached. This is typically in the range of 2000 to 2200 V. The total charge extracted from the C-plate during scrub lies in the range of 0.5 to 1.5 C cm −2 . The operating characteristics then remain stable until a further 1.5 C cm −2 or greater of charge is extracted from the C-plate. 15, 23 This was significantly in excess of the 0.5 to 1.0 C cm −2 of charge expected to be drawn from the C-plates during the planned five-year mission of STIS. 24 In fact, the C-plates have so far remained completely stable during the nearly 14.5 years of STIS on-orbit operation.
Coincidence-Anode Arrays
The very small dimensions of the channels in the MCP result in a very short electron transit time and transit time jitter. The output pulse width of a conventional discrete-dynode electron multiplier is on the order of 30 to 50 ns with a rise time on the order of 6 to 10 ns. By comparison, the pulse width of a C-plate with 12-micron-diameter channels is on the order of 2 to 3 ns with a rise time on the order of 400 to 500 ps. 25 Consequently, the coincidence-anode arrays, the electrode structures of the detector tubes, and the electronics are all extremely sensitive to capacitive and inductive coupling. As a result, three different coincidence-anode array formats were developed, as shown in Fig. 11 . 3 In the coarse-fine and balanced-coarsefine arrays [Figs. 11(a) and 11(b)], 2ðn þ mÞ outputs encode ðn × mÞ 2 pixels in a two-dimensional array. The coarse-and fine-encoding electrodes are capacitively balanced but inductively coupled. There is also a position ambiguity for fourfold and higher-fold events in each axis. In the fine-fine array [ Fig. 11 (c)], 4ðn þ 1Þ outputs encode ½n × ðn þ 2Þ 2 pixels in a two-dimensional array. There is no position ambiguity for up to (n − 1)-fold events in each axis. The number n must be even to avoid position ambiguities in the last group of electrodes in each axis. All electrodes are capacitively balanced and inductively decoupled.
The unique position accuracy and the flat-field uniformity, limited solely by the photon statistics, for the fine-fine arrays were validated in a series of laboratory evaluations. 26, 27 Fig. 7 SOHO C-plate configurations: (a) prototype 25-mm-format C-plate with 7 × 27 mm 2 active area and (b) flight configuration.
The schematic of one axis of a fine-fine array is shown in Fig. 12 . It can be seen that a fourfold event can be defined as an equivalent twofold event, thereby preserving the inherent spatial resolution. In a standard coincidence-anode MAMA, the pixel size is equal to the spacing of the anodes, which is 25 microns for STIS. However, it is possible to increase the resolution of the MAMA without changing the detector itself by simply upgrading the readout electronics. Using the odd-even discrimination to differentiate between the even-fold and oddfold events, it is possible to halve the pixel spacing and double the number of pixels in each axis, as shown in Fig. 13 . 28 The spacing of the channels in the MCP then sets the spatial resolution, which is 15 microns for STIS. It must be noted that oddeven discrimination works only for the C-plate and does not work for the Chevron or Z-plate stacks because of the misalignments of the channels in the different MCPs in the stack.
During operation of the fine-fine array, the statistical distribution of the anode fold numbers provides information on the distribution of the charge cloud sizes on the anodes. This fold analysis measurement 29 provides a good indication of the pulseheight distribution of the MCP as charge is extracted during operation (see Sec. 3) and is an excellent monitor of the health of the MAMA detector.
When NASA originally selected STIS for development in November 1985, two fine-fine coincidence-anode MAMA detectors with formats of 2048 × 2048 pixels were selected for the FUV and NUV spectral regions. However, the development of STIS was severely impacted by two significant events: (1) the loss of the space shuttle Challenger in February 1986 and (2) the discovery of the spherical aberration in the HST primary mirror after launch in April 1990. The spherical aberration problem forced the installation of STIS to be deferred to the second HST servicing mission (SM2), allowing the corrective optics package (COSTAR) to be installed in the HST on the first servicing mission (SM1). In March 1991, STIS was descoped in response to budget problems within the HST project. After descope, STIS incorporated two fine-fine MAMA detectors with formats of 1024 × 1024 pixels. NASA accepted this configuration of STIS in October 1991.
Raytheon Corp fabricated the first coincidence-anode arrays with aluminum electrodes. Aluminum provides excellent uniformity, high conductivity, and excellent adhesion to the dielectric substrate. Unfortunately, the aluminum arrays developed shorts when baked to temperatures in excess of 200°C because of dendritic growth. When the array fabrication was moved to Ball Aerospace, the electrode material was changed to titaniumtungsten-gold. This eliminated the dendritic growth and further improved the electrode conductivity.
The pre-descope (2048 × 2048)-pixel coincidence-anode array (see Fig. 14 ) was configured as four contiguous and independent (1024 × 1024)-pixel arrays.
This array format was included in a 75-mm-format tube (see Sec. 2.3). One section was evaluated and worked exactly as expected.
When STIS was descoped, one quarter of this array was selected for flight, as shown in Fig. 15 . For the flight MAMAs, the encoding electrodes were arranged on all four sides of the active area of the array in order to further minimize the capacitative coupling.
Photomicrographs of the active area of this array (Fig. 16 ) show that the lower-plane electrodes (horizontal) are thicker than the upper-plane electrodes (vertical) in order to ensure that the charge division between the layers is more uniform. The center-to-center spacing of the electrodes is 25 microns. The two layers are separated by ∼3 microns of dielectric in order to reduce the capacitive coupling. The anode electrodes are set at a potential of ∼150 V more positive than that of the output face of the MCP in order to optimize the collection of charge from the MCP. The division of charge between the layers was totally equalized by setting the bias of the lower electrodes about 1 to 2 V more positive than that of the upper electrodes. The width of the electrodes is ∼12.5 microns and the total length of the electrodes in the array is ∼52 m. The total number of electrode crossovers is >10 6 . The fact that a number of arrays were fabricated defect-free (no breaks or shorts) is a tribute to the skill of the personnel and the quality of the facilities at Ball Aerospace.
Photocathodes and Detector Tubes
It is essential that both of the STIS MAMA detectors be blind to visible light. The best solar-blind photocathode materials for use at extreme UV and FUV wavelengths are alkali halides directly deposited on the front face of the MCP. 30, 31 In the MAMA tubes, a focusing electrode is used to redirect electrons formed from photons striking the web surface between the channels into the adjacent channels, 3 thereby increasing the DQE. MAMA detector tubes were constructed for the 25-, 40-, and 75-mm-format C-plates. The STIS FUV MAMA tube schematic is shown in Fig. 17 . 32 The MgF 2 input window is tilted in order to accommodate the input beams from the STIS optics, and an additional repeller wire is used to ensure the uniformity of the photoelectron collection across the active area of the MCP. An opaque CsI photocathode is deposited on the front face of the C-plate in order to provide the optimum DQE for the FUV band from 115 to 175 nm.
Since CsI is hygroscopic in nature, the key to maximizing the DQE is to ensure that the photocathode is always maintained under high vacuum. This was achieved for the STIS MAMAs by sealing the tube window after photocathode deposition before the tube was exposed to air.
For wavelengths longer than ∼200 nm, cesiated photocathodes must be employed. 33 The best material for the NUV band from 165 to 310 nm is Cs 2 Te. This cathode is fabricated by depositing tellurium in a cesium-rich atmosphere. The problem is that the cesium vapor poisons the MCP. The solution is to remotely deposit, in a separate vacuum chamber, the Cs 2 Te on a window to form a semitransparent photocathode. The window is then transferred under vacuum and bonded to the flight MAMA tube. The structure of the STIS NUV tube is shown in Fig. 18 . 32 A reentrant MgF 2 window is employed to limit the gap between the semitransparent photocathode and the input face of the C-plate to ∼0.23 mm in order to maintain the required spatial resolution of 25 microns. The MAMA tube processing consisted of a 12-h vacuum bake at 300°C and a four-week MCP scrub. CsI photocathode deposition occurred at the end of the MCP scrub, while the Cs 2 Te photocathode deposition was performed prior to the MCP scrub in order to remove excess photocathode constituents from the MCP. The DQEs of the FUV and NUV STIS MAMAs are shown in Fig. 19 . The vacuum chamber pressures were maintained below 10 −9 Torr at all times. The DQE of the FUV MAMA exceeds the performance specification by a factor of 1.4. Further, the NUV MAMA has a sufficiently high DQE below ∼160 nm to provide an efficient backup to the FUV MAMA. Both detectors demonstrated visible light rejections that were better than required. 34 
Electronics
The electronics for the STIS MAMAs were developed in stages. A number of discrete-component systems were designed and fabricated at Ball Aerospace for use on the ground and in sounding rockets. 35 A typical discrete-component system is shown in Fig. 20 . It was clear that in order to meet the power, volume, and mass requirements for SOHO and for STIS, application-specific integrated circuits (ASICs) would need to be developed for both the amplifier/discriminator and decode circuits. The first amplifier/discriminator ASICs for SOHO were developed at Ball Aerospace, resulting in the more compact configuration shown in Fig. 21 . 35, 36 The high-gain bandwidth circuits required great care with both components and layouts in order to minimize cross-coupling and timing errors. In particular, while both amplifier and discriminator circuits were fabricated in the same circuit module, separate modules were used in series, first for the amplifier and second for the discriminator (see Fig. 22 ). The ASIC amplifiers and discriminators for STIS were further refined from the SOHO modules. 37, 38 The amplifier speed was increased, and both the noise and power were reduced. In particular, the discriminator thresholds were matched in order to improve the flat-field uniformity of response. A single ASIC was used for each amplifier circuit, and two discriminator circuits were packed in a single ASIC. Ten channels were mounted on each amplifier and discriminator board.
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In parallel with the amplifier/discriminator ASIC development at Ball Aerospace, the development of a complementary metal-oxide semiconductor (CMOS) decode circuit ASIC was undertaken at Stanford University. 40, 41 This ASIC (see Fig. 23 ) was designed to optimize both the time-tag imaging 42, 43 and the high-resolution decoding 28 of the MAMA detectors. The ASIC also provided information on the number of anodes stimulated by a single event. This information (fold analysis) provides a measure of the electron gain and the health of the MAMA detector tube, as described in Sec. 3. The ASIC was designed to provide measurements of the number of twofold through sixfold events. In addition, the ASIC rejected single events, events greater than sixfold, and events on noncontiguous anodes. This is particularly valuable in rejecting Cherenkov photons produced essentially simultaneously by the passage of energetic charged particles through the detector windows when operated in space.
The time-tag imaging and high-resolution decoding capabilities led to a multiyear program of speckle observations of binary stars 44 at both Kitt Peak, Arizona and South America. 45, 46 The fact that the visible-light MAMA detector with 14-micron pixels was used by many individuals at several different locations over a number of years without any problems testifies to the inherent ruggedness of the detector system. Further, the time-tag imaging mode of the MAMA was used to correct the pointing drift of a gyro-stabilized sounding rocket. 47 This permitted the recording of an image with sufficiently high angular resolution to directly measure the UV luminosity. 48 The basic properties of the MAMAs were thus fully validated on the ground, both for the SOHO and speckle image programs, and in a sounding rocket, before the fabrication of the STIS engineering model and flight MAMAs began.
Prelaunch Performance Summary
A number of complete engineering models of the STIS MAMAs were fabricated in 1994 (see Fig. 24 ) and were subjected to a series of exhaustive tests and evaluations. 49 In particular, the photometric stability was analyzed in detail at the component level. 50 Of particular importance was the fact that significant overload of the detector by an image many times brighter than the local dynamic range produced no residual effect after the image was removed. 24 This fully confirmed earlier results with the ground-based MAMA detector systems.
The critical parameters of the MAMA detectors leading to the excellent performance characteristics and long lifetime are the single C-plate with a modal gain of ∼5 × 10 5 electrons pulse −1 , low-noise amplifier/discriminator circuits with a threshold of 2.74 × 10 4 electrons, a high-precision fine-structure readout array, and a digital position encoding system. It should be clearly noted that, given the total charge lifetime of the lead-glass MCP, a readout system that requires a gain of only 5 × 10 5 electrons pulse −1 will have a total count lifetime about a factor of 100 greater than that of a readout system that requires a gain of 5 × 10 7 electrons pulse −1 . Further, given the total charge throughput of the MCP (∼10% of the strip current), the total output count capability will be significantly greater. The key performance characteristics of the STIS MAMAs are listed in Table 1 (from Ref. 51 ). All of the data, except for the dark count rate, are from ground calibrations. The FUV and NUV MAMAs were fabricated as mirror images in order to permit the detector tubes to lie adjacent to each other on the STIS optical bench [see Fig. 25(a) ]. 50 One flight and one flight spare unit of both the FUV and NUV MAMA detectors were fabricated and calibrated, as shown in Fig. 25(b) .
3 On-Orbit Performances
Space Telescope Imaging Spectrograph Initial Operation
STIS was installed on orbit on the second Hubble servicing mission (SM2) in February 1997. As with earlier instruments utilizing high voltages, the MAMAs were brought into operation cautiously over a period of several weeks in the somewhat unknown internal environment of the HST. Two unexpected issues emerged on initial turn on. First, the reset circuitry in the control electronics for both the MAMA and CCD detectors showed an unforeseen response to radiationinduced transients in the optical isolator components in the electronics chain. 52, 53 Energetic particles [encountered primarily in the South Atlantic Anomaly (SAA)] caused a partial reset of the detector electronics, abruptly shutting down the MAMA high voltage. This requires the MAMA high voltages to be ramped up and down at the normal slow rate once per day in the block of contiguous paths that do not cross the SAA. This restricts the MAMA availability to 40 to 45% of HST orbits, adequate for the planned MAMA science. No adverse effects of the daily voltage recycling have so far been observed. The problem is totally unrelated to the MAMA design and has been corrected for ACS and COS, which are using the flight-spare STIS MAMAs. The second unexpected problem is the high dark count rates of the MAMAs. The FUV MAMA dark count rate was known to correlate with temperature, and the on-orbit rate varies from the preflight rate of ∼6 to ∼50 counts s −1 depending on the MAMA temperature. 32, 52 The enhanced dark background is not spatially uniform but localized on the detector, as shown in Fig. 26 . The dark current in lower right-hand quadrant appears to be roughly stable with time, while the intermittent dark count rate in the glow area, which is intrinsic to the C-plate, varies with time and can increase the dark count rate over the face of the MAMA up to 300 counts s −1 . The significantly higher than expected background rate of the NUV MAMA is a more serious problem. It was well known that longtime constant phosphorescence in the MgF 2 window would occur after the excitation of metastable states during the SAA crossings. The phosphorescent de-excitation of these states produces UV photons that are detected by the MAMA. A preflight screening program for phosphorescence was used for the MAMA detector windows. Unfortunately, an error in the screening allowed a window with a high level of phosphorescent impurities to be used in the flight NUV tube. While the dark count of the NUV MAMA is spatially more uniform than that of the FUV MAMA, the high rate on the order of 1000 to 2000 counts s −1 makes it more problematic for long-exposure studies. 52 STIS was designed as a highly versatile imaging spectrograph providing major advances on both the Goddard HighResolution Spectrograph and the Faint Object Spectrograph through the use of two-dimensional detector arrays. It was essential that STIS have a high signal-to-noise ratio (SNR) for all studies. A series of studies of the SNR in a number of operating modes were undertaken during the first few months of operation. 54 FUV and NUV flat-field images were recorded during these studies (see Ref. 54) . The NUV flat fields were verified to be independent of wavelength and operating mode. FUV flat fields also showed no wavelength dependence. However, there was a small residual effect in removing an overall moiré pattern from the flat fields, which was more pronounced in the FUV flat field (≤6% peak-to-peak) than in the NUV flat field. 54 The results for the MAMAs were highly encouraging with both long-slit low-resolution first-order spectra and medium-resolution echelle spectra yielding SNRs well exceeding 100∶1 per spectral resolution element in both the NUV and FUV. Even higher SNRs were obtained using multiple slits offset from each other by a total of 0.5 arc sec along the dispersion direction (FP-SPLIT method). 55 Coadded spectra exhibited an SNR of ∼250 in the FUV and ∼350 in the NUV per spectral resolution element.
A further essential monitor of MAMA performances is the fold analysis measurement 29 as discussed earlier in Sec. 2. Examples of fold analyses for the FUV and NUV MAMAs are shown in Fig. 27 . Fold analyses during the first year of on-orbit operation showed good tube health and very high MCP gain stability, 29 essentially unchanged from the preflight measurements.
The three primary operating modes of the STIS MAMAs are (1) solar-blind UV imaging, (2) stigmatic low-and high-resolution UV spectroscopy, and (3) time-tag UV imaging and spectroscopy. As an example of solar-blind imaging, an image of Saturn's UV aurora is shown in Fig. 28 . 56 All of the MAMA imaging and spectrometry data were recorded in high-resolution mode (ACCUM), i.e., in the (2048 × 2048)-pixel format. The power of the two-dimensional MAMAs for spectroscopy is shown in the echelle spectrum in Fig. 29 . 57 Resolving powers (λ∕Δλ) of >10 5 were routinely obtained. 58 The unique capabilities of the MAMAs for time-tag imaging are shown in the Crub pulsar profile spectra as a function of pulse phase in Fig. 30 . 59 In all respects, except for the dark count rates, the STIS MAMAs met all of the preflight performance requirements.
Space Telescope Imaging Spectrograph Recovery
STIS worked well on orbit from February 1997 until 16 May, 2001 , when the main power bus blew a fuse. 60 Attempts to recover resulted in another blown fuse, and detailed engineering analyses concluded that the most likely cause was a shorted tantalum capacitor. It was concluded that the side-1 electronics could never be recovered. On July 7, 2001 , the redundant side-2 electronics was successfully used to reactivate STIS. Although the operation of the CCD was affected by the lack of a temperature sensor in the side-2 electronics, the MAMAs and the rest of the electronics continued operating unaffected. 60 STIS operations continued until August 3, 2004 , when a 5-V power converter failed. 61 All of the detectors were undamaged, but since this power converter was required for the operation of all of STIS mechanical moving parts, science operations could no longer continue. The only solution was to replace the side-2 electronics board containing the failed power converter.
On February 1, 2003, the space shuttle Columbia was destroyed on reentry. As with the loss of Challenger, this resulted in a delay of over two years to the shuttle program. worked on procedures for the on-orbit replacement of the side-2 circuit board containing the 5-V power converter. 61 Since SM4 was scheduled for 2007 at the earliest, there was concern over the recovery of the MAMAs after more than four years of nonoperation on orbit. In fact, SM4 did not take place until May 2009. Through 2007 and 2008, the author supported a group of individuals from NASA Goddard and STScI who were studying the problem. The principal concern was that free cesium from the photocathodes could have migrated into the C-plate channels and caused shorts or arcing when the MCP high voltage was applied. The concern was greatest for the NUV MAMA with the semitransparent Cs 2 Te photocathode.
The key to the solution of the problem lay in the thermal time constant of the C-plates. Both C-plates require over 11 min to come to a stable operating temperature. The procedure adopted was to bring the MCP high voltage on in stages, working with one MAMA at a time, then holding the voltage at a stable level while measuring the dark count rate and performing a fold analysis. The high voltage was first brought up to ∼50 V, then slowly in stages up to a voltage of ∼100 V below the nominal.
After careful analysis of both the dark count rate and fold distribution, the high voltage would then, if all looked to be well, be brought to the normal operating level.
During SM4, on the fourth extravehiclar activity, astronauts Michael Good and Mike Massimo successfully replaced the failed circuit board and STIS was returned to operation after nearly six years of nonoperation on orbit. 62 After an adequate period for outgassing, both MAMAs were successfully turned on following the developed procedure. Initially, it was thought that the DQEs had declined, but this was due to the fading of the STIS wavelength calibration lamps. The biggest surprise was the very high dark count rate of the NUV MAMA. It was expected that the dark count rate would be enhanced by a factor of ∼3 above the pre-SM4 level of ∼0.0013 counts pixel −1 s −1 . Instead, the dark count rate was initially as high as 0.015 counts pixel −1 s −1 , declining much more slowly than expected, as shown in Fig. 31 . 63 The source of the dark count, namely phosphorescent window glow caused by impurities, is shown schematically in Fig. 32 . 62 Measurements taken during a single day show that the dark count rate varies quadratically with temperature. 63 The overall dark count rate continues to slowly decline and is currently <0.002 counts pixel −1 s −1 (see Fig. 33 ). 64 Following the recovery of STIS, the FUV MAMA dark image had the same general appearance as in prior years. 65 The bright glow region (see Fig. 34 ) has a mean rate about a factor of 3 higher than the average for the whole detector. Typical overall dark count rates are 10 −5 counts pixel −1 s −1 at turn on, rising to ∼1.5 × 10 −5 counts pixel −1 s −1 after several Fig. 28 Saturn's UV aurora. Composite image with molecular hydrogen color-coded blue, while Lyman-alpha emission is color-coded red. hours of operation. In the glow region, the rate rises to ∼4 × 10 −5 counts pixel −1 s −1 . There is a significant variability in the ultimate dark count rate depending on the other activities on the HST and the intervening temperature profile. 65 The STIS FUV MAMA dark count rate remains highly variable, as shown in Fig. 35 , but shows no significant trend through this date. 64 The general health of both MAMAs remains excellent and there is no C-plate gain change apparent in the fold analysis histograms, as shown in Fig. 36 . 66 Further validating the stability of the STIS MAMAs is the CALSTIS calibration 67 using the CALSPEC standard stars. The weighted slope of the NUV MAMA sensitivity, expressed in stellar magnitudes, is −0.04 mmag year −1 , and the weighted slope of the FUV MAMA sensitivity is 0.54 mmag year −1 . This equates to sensitivity changes of <1.0 and 0.7%, respectively, over 15 years. 66 The CALSPEC flux standards are being consistently upgraded, 68 and CALSPEC can be considered in the general context of spectroradiometry with space telescopes. 69 As examples of recent observations with the STIS FUV MAMA, we can consider the first detection of aurorae on Uranus and the motion of aurorae on Ganymede. The aurora on Uranus, as shown in Fig. 37 , was discovered during active solar wind conditions. 70 An image of the aurora on Ganymede is shown in Fig. 38 . Measurements of the oscillations of the locations of the auroral ovals show that they are smaller than calculated, strongly suggesting the presence of an electrically conducting (i.e., saline) subsurface ocean. 71 It is of note that the auroral images in Figs. 28 and 38 were taken ∼12 years apart with the same detector system under identical operating conditions. Both STIS MAMAs continue working well to this day.
Advanced Camera for Surveys
The showed little change in the distribution of charge over the period of about four years between ground testing and on-orbit operation. The MAMA is cosmetically reasonably clean with the only defects being a broken anode electrode and three small clusters of hot pixels. 73 The mean dark count was 3.9 × 10 −5 counts pixel −1 s −1 at a tube temperature in the range of 15 to 27°C, with a rate of ∼1.1 × 10 −2 counts pixel −1 s −1 in the bright central part of the dark image. The reference SBC dark image is shown in Fig. 39 . 74 The mean dark rate was remeasured in 2004 and found to be 1.0 × 10 −5 counts pixel −1 s −1 , that is to say ∼10 times less than that in the brightest part of the reference image. 75 The rate was measured again in 2008 and found to be unchanged for the first two hours of operation, after which it rose steadily by a factor of 2 to 3, due to a temperature effect (see Fig. 40) . 76 The lower level is appropriate for most observations. No significant changes in efficiency of the MAMA have so far been observed.
In June 2006, ACS suffered an electronics failure, which was corrected by switching to the redundant side-2 electronics in July 2006. In January 2007, ACS failed again due to a short circuit in the backup power supply. The SBC was returned to operation in February 2007 using the side-1 electronics and, lightly used, continues working to this day.
Cosmic Origins Spectrograph
The COS instrument 77, 78 was installed in HST on the fifth and final servicing mission SM4 in May 2009. The STIS flight-spare NUV MAMA was installed in the NUV channel. The NUV MAMA dark images are essentially featureless, as shown in Fig. 41 , 79 with early measurements away from the SAA showing a rate of ∼6 × 10 −5 counts pixel −1 s −1 . This was below the prelaunch predictions of ∼20 × 10 −5 counts pixel −1 s −1 . However, the dark count rate rose steadily with time and stabilized at a level of ∼6 × 10 −4 counts pixel −1 s −1 away from the SAA, as shown in Fig. 42 . 80 The value of 8.6 × 10 −4 counts pixel −1 s −1 was adopted, encompassing 95% of the observations in cycle 21. The fold analysis (see Fig. 43 ) shows highly stable operation of the MAMA through cycle 21. 80 The COS FUV MAMA continues working well to this day. 
Lessons for Future Space Ultraviolet Astrophysics Missions
It is clear that the photoconductive arrays, such as the CCDs and CMOS sensors, are the prime candidate detectors for visiblelight and near-infrared astrophysics missions. However, the wide-bandgap solar-blind photoconductive arrays for use in the UV are still in the early phases of development. 81 The two STIS MAMAS have now been on orbit for almost 19 years, and working on orbit for almost 14.5 years. The ACS MAMA has now been working on orbit for nearly 14 years. The COS MAMA has now been working on orbit for about six years and nine months. The four HST MAMAs have now been working on orbit for a combined total of nearly 50 years without requiring any changes to the operating voltages or the electronics controls. This highly extended period of operation provides a number of lessons for the use of photoemissive detectors in future space UV astrophysics missions.
The requirements for photon-counting, large-format detectors for these forthcoming missions, particularly those devoted to spectroscopy, have recently been defined by NASA. 82 Specifically, arrays with high DQE (>50%), low noise per pixel (<10 −7 counts s −1 ), large format (>2000 × 2000 pixels), and operating at wavelengths from 100 to 400 nm or greater are required. It is clear from the on-orbit data that the MAMAs already meet some of these requirements, while further significant developments are needed in other areas.
First, given the correct operating conditions, the lead-glass MCPs are capable of meeting the requirements for future missions. This assumes that, for long-term space missions, it is possible to move the image or spectrum across the active area of the MCP in order to mitigate the effects of localized charge depletion by very bright spatial or spectral features. Given the finite amount of charge that can be extracted from the lead glass, the MAMAs provide the following critical characteristics from the MCP: Nevertheless, the limits on the local and global count rates for the MAMAs require stringent bright object limitations in order to protect the detectors from overillumination. 83 This limits the observing capabilities.
The C-plate provides a superior flat-field uniformity, a significantly higher dynamic range, and a longer lifetime than the Chevron or Z-stack MCPs. Further, the digital MAMA readout system provides many advantages over any of the current analog MCP readout systems. The performance of the MAMAs, particularly in high-resolution mode, could be significantly improved with the use of C-plates having 10-micron-diameter channels on 12-micron centers, or even 8-micron-diameter channels on 10-micron centers. If high-gain MCPs are required for future astrophysics missions, the development of C-plate fabrication processes, which can produce a number of plates simultaneously, reliably, and at commercially viable costs will clearly be needed. The Chevron and Z-stack MCPs simply cannot provide the flat-field uniformity and stability, the high SNR, the local dynamic range, or the lifetime for extended missions.
The amplifier and discriminator ASICs developed at Ball Aerospace and the decode ASICs developed at Stanford University have performed impeccably. However, given the major ongoing improvements in computer speed, a look-up table system may now offer speed and power improvements over the decode ASIC. The principal deficiencies of the MAMAs are the dark count rate and the photocathode quantum efficiency. First, the red leaks of both the FUV and the NUV MAMAS have increased significantly from the prelaunch values during on-orbit operation. 83 While the red leaks of the FUV MAMAs remain at tolerable levels, the red leaks of the NUV MAMAs are significantly above the desired levels for visible-light rejection. In many ways, this is not unexpected, as bare lead-glass CEMs and MCPs, which have a generally accepted work function on the order of 5 eV, routinely show a measurable response to laboratory fluorescent lights. The source of this contamination DQE is not, at present, well understood.
The dark count rate of the STIS NUV MAMA varies quadratically with temperature. 65 Clearly, more attention needs to be paid to the thermal control of the electronics and of the high-and low-voltage power supplies. However, the principal cause is probably the negative temperature coefficient of the leadglass C-plate. The C-plate appears to be running hotter in space than in the laboratory because of the less desirable thermal environment. Recent developments have attempted to find a material superior to the lead glass for fabricating MCPs. The development of silicon-based MCPs has been pursued for some time; 84, 85 however, it has not proved possible to obtain adequate gain from these MCPs, and the development appears not to be actively pursued at this time. Developments to produce aluminum oxide MCPs are also underway; 86 however, no working MCPs have yet been demonstrated.
The most promising development appears to be the production of resistive and secondary emission layers by an atomic layer deposition (ALD) process. ALD MCPs have been produced over conventional lead-glass MCPs 87 and also on borosilicate glass. 88 Gain and dark count rates appear to be very good, but lifetime data have yet to be measured in detail.
The key development area is that of producing stable high quantum efficiency solar-blind photocathode materials. At FUV wavelengths, the most obvious upgrade is to make the MgF 2 window removable, as has been successfully implemented with the COS FUV detector. This, of course, would require changes to the MCP active area geometry, as has been successfully implemented for the SOHO C-plates. However, at this time, opaque CsI remains the best FUV photocathode material for use at wavelengths below ∼160 nm. The situation at NUV wavelengths is much more complex. The most promising NUV photocathode material at this time is p-doped GaN. [89] [90] [91] The highest quantum efficiencies are produced by opaque photocathodes, which require cesium activation. It will accordingly be extremely difficult to combine these with current MCPs. Whatever the results of these developments, there will always be a requirement in UV astrophysics instruments for photoconductive or photoemissive solar-blind imaging detector systems that are radiation tolerant and do not require cryogenic cooling.
In many ways, HST represents the very highly successful conclusion of the first phase of space astrophysics, which started at Peenemünde in Germany in 1944 and emphasized studies at high photon energies in the UV, x-ray, and gamma ray spectral regions. 92 Space observations at visible-light and infrared wavelengths were slower to get started, except for solar studies, because of the early conservative approach by a number of astronomers, e.g., the cost of "six Palomars vs one space telescope." 93 However, those early days are now long gone and the value of space telescopes in all wavelength ranges is universally accepted. The next phase will start by emphasizing the infrared with the James Web Space Telescope 94 and the Wide Field Infrared Survey Telescope. 95 Following these infrared missions, studies of concepts for large ultraviolet, optical, and infrared 96 space telescopes are now beginning, such as the Advanced Technology Large-Aperture Space Telescope. 97 Those advanced missions will once again require state-of-theart, photon-counting, solar-blind imaging sensor technologies building on the lessons learned from the first-generation telescopes and instruments.
Conclusion
The STIS MAMAs have met all of the fundamental requirements for solar-blind imaging, high-resolution UV spectroscopy, and time-tag imaging, and, like most of the STIS components, have considerably exceeded the design life of five years. In addition, the flight-spare MAMAs have added considerably to the capabilities of the ACS and COS instruments. Based on the recent measurements of the performance characteristics, all of the MAMAs continue to work well and, in the absence of any unexpected random failures, may well continue to operate for the lifetime of HST.
The cumulative total of nearly 50 years of on-orbit operation for the two FUV MAMAs and the two NUV MAMAs over a 19-year period provides a substantial quantitative database from which to start the development of the next generation of photon-counting, solar-blind detector arrays for future space UV astrophysics missions.
